as it relates to bacterial variation remains unstudied except for negative experiments by Sherman and Wing (1937) and by Gowen and Lincoln (1942) .
Several workers have noted that the origin of bacterial variation appears to be mutational; since variation is shown to be at random, and that variation of one. character does not necessarily cause variation in other characters. Critical evidence of the mutational nature of bacterial variation has been obtained from two lines of approach. Zelle (1942) has demonstrated discontinuous variation as regards colony type of Salmnwella typhimurium, using a modified Chambers single cell technique. Lincoln and Gowen (1942) have shown that,, after treatment of Phytomonas stewarti (Smith) Bergey et at. with X-rays, variation is observed that is similar to the natural variation that occurs during growth in broth, but at rates as much as 600 times that of natural variation. Indirect evidence of the mutational origin of many kinds of bacterial variants has been obtained by these and numerous other workers. After genetic variation occurs in a pure stock, either by mutation or by new gene combinations, the population is a mixture of genotypes, and that population becomes subject to selective forces that had no differential effect while all individuals were genetically identical. Though numerous cases could be cited in which there is a change in a culture from one characteristic type to that of a contrasting type, there are few actual data indicating recognition of selection as a force affecting bacterial populations.
It is the purpose of this paper to present evidence on the effect of temperature in changing the rate of variation and to determine the stability of bacterial populations of P. stewartii in different environments, both from the standpoint of pure cultures of a single type and of known mixtures of cultures of differing types.
EXPERIMENTAL MATERIALS AND METHODS
Two cultures of P. stewartii and variants of each stock were used in these experiments: stock 400 produces a small, compact, dry, highly colored colony on nutrient glucose agar; stock 500 produces a large-spreading, mucoid, nonpigmented colony. All stocks used were plated repeatedly (5 to 7 times) from isolated single colonies. With this species McNew (1938) has shown that a high percentage of the colony loci on poured agar plates are seeded with single cells. After 3 or more platings the probability is tremendously high that at least once in this process the colony picked originated from a single cell.
To observe the rate of mutation bacteria from a single colony were seeded into test broth and allowed to grow for the desired time. With nutrient broth at 24 C this period was 24 hours, during which approximately 16 generations occurred. After growth the broth culture was vigorously and repeatedly shaken over a period of half an hour to obtain as many bacteria as possible occurring as individual cells. A dilution was then made so that one drop of liquid would contain the approximate number of bacteria desired per plate. In all cases it was desired to obtain mature colonies, individual and distinct from one another, so that colony characteristics could be easily observed. One drop of broth of the desired dilution was placed on the surface of a hardened agar plate and smeared evenly over the entire surface of the plate by means of an L-shaped rod. Plates were incubated at room temperatures for 48 hours, then observed at 9X magnification for colony classification. Reflected light at 75 degrees from the lens was used. The mutation rate was calculated by formula 2 of Demerec and Fano (1945) Luria and Delbriick (1943) , and these authors have discussed the assumptions on which the derivation of this equation is based. Incorrectness of any of these assumptions tends to make the calculated mutation rate greater than the real rate. It is probable that the actual mutation rate is greater than the calculated rate since factors such as mutant cell lethality, lowered viability, slower generation time, a possible chromatin segregation mechanism, inability to observe small changes, and random loss of variants by using small samples from a population all tend to keep the number of mutations observed at a minimum. Growth of P. stewartii occurs in nutrient broth between the temperatures of approximately 10 and 38 C. Five temperatures within this range were selected to determine how the rate of mutation is affected by growth temperature. These temperatures were 12, 18, 24, 30, and 36 C.
Bacteria of a single colony were suspended in nutrient broth, and after repeated shaking five identical cultures were made in which the test broth contained approximately 3,000 bacteria per ml. At this time platings were made to determine variation initially present. One tube was then incubated at each of the five test temperatures. Since bacterial growth occurred at different rates at the different temperatures, platings were made to estimate both the number of bacteria per ml of broth and the variation present after approximately the same amount of growth had occurred in each culture as indicated by faint clouding of the broth cultures. The amount and rate of mutation occurring in these experiments has been summarized in table 1.
The observed variation in the original inoculum was zero. This low variability was obtained, after preliminary experiments, by maintaining stocks at low temperatures and by picking a colony to use as the initial inoculum from an agar plate containing only typical colonies. As shown in table 1, the mutation rate increases as growth temperature increases, both as regards the number and the kinds of mutant colonies observed. In the average tube at 12 C variability was rare; however, several different variants, often in large numbers, were observed in the average tube at 36 C. The fact that a sample from each colony population was grown at each of the five temperatures makes the observed trend for mutation to increase as temperature increases very significant.
Stock 401 originated as a mutant of stock 400 and appears identical with the parent in all respects except for the change from dark yellow to pale yellow colony color. The mutation rate of the pale yellow stock is lower at all temperatures than the mutation rate of the dark yellow stocks, and this difference is highly significant when one stock is compared with the other at all temperatures. It is apparent that some change in the genic balance has occurred because of the mutation of the dark yellow locus to pale yellow, resulting in greater genetic stability. It is probable that each mutation affects the genic balance and usually has pleiotropic effects on the organism.
The differential effect of temperature on mutation of specific characters is particularly striking. The rate of mutation from dark yellow to pale yellow is changed significantly between the temperatures of 24 and 30 C, being relatively stable at the temperatures of 24 or less and becoming increasingly mutable at 30 and 36 C. The changes from dark yellow to white or from pale yellow to white also are increased at the temperatures of 30 to 36 C. All these changes are from a darker color to one of less intense color. The change from pale to dark RALPH E. LINCOLN . yellow colony. color was not affected by temperature. With similar stocks Lincoln (1940) has shown that at room temperatures the pattern for natural mutation of the color genes follows the same general pattern as that found in these experiments, and working with white stocks derived by mutation from dark yellow ones he did not observe the mutation from uncolored to colored colony type. These observations could indicate a multiple allelic series of genes. The mutations to-smooth, rough 2, and rough 3 occur at very high rates at the higher temperatures. Other characters change with greater frequency at high growth temperatures than at low, but the increase in mutation rate with these other characters approximates a van't Hoff curve. Working with Drosophila, Plough and Ives (1935) observed that heat tends to induce mutation in some genes more than in others. It. has been shown that the two stocks differed significantly in the rate of mutation. How nearly alike the two stocks are in their pattern of mutation is shown in Table 2 , in which the percentage of the relative frequency of different mutations is given. Mutation from rough 1 colony type to other rough types or to smooth colony type and the occurrence of double mutations, of sectored colonies, or of unstable forms occur with nearly equal frequency in the two stocks, as indicated by a probability greater than 0.05 for the total on the five observations on each stock being alike. The change from dark yellow to pale yellow, however, occurs with greater frequency than does the reverse change, and the frequency of mutation from pale yellow to white occurs at a greater rate than does the mutation from dark yellow to white. These observations are probably related and would be expected if the factors for dark yellow, pale yellow, and white colony color were part of a multiple allelic series of genes. The occurrence of small colony type in the pale yellow stock also is higher than in the dark yellow stock.
Considering the mutation rate at 12 C as the control, the temperature coefficient (Qlo) for mutation in the dark yellow stock is approximately 5.0, whereas in the pale yellow stock the coefficient is about 2.5. Plough (1941) observed that mutation frequency in the first and second chromosome of Drosaphila had a temperature coefficient in the neighborhood of 5.0, whereas Muller (1928) observed a Qio between 2 and 3 for mutation in Drosophila. 1  40  52  31  11  70  62  60  83  80  82  2  38  31  17  6  34  44  42  35  65  58  3  48  31  24  16  36  37  40  62  60  61  4  54  32  20  21  57  50  46  56  67  72  5  43  28  22  14  47  51  50  53  69  64  6  25  25  15  11  37  40  38  44  49  51  7  73  31  20  7  58  62  58  67  74  70  8  70  27  22  15  61  58  55  74  75  76  9  65  40  15  7  54  58  56  64  67  74 Work with an unstable, dark yellow mutant found in the smooth mucoid stock 500 adds evidence to the increased lability of the dark yellow color gene at high growth temperatures. This unstable variant segregated for both dark and pale yellow colonies. On serial plating of individual colonies it was discovered that all the pale yellow type colonies were stable, whereas the dark yellow type continued to throw a variable percentage of pale yellow colonies on successive platings. Each color type appeared identical, except for color, when grown on nutrient glucose agar at room temperature; but when the plates were incubated at 30 C, all pale yellow colonies were normal in size and appearance, but the dark yellow ones were relatively very snall and ridged. A high proportion of the dark yellow colonies contained pale yellow sectors that appeared as typical "bursts."
Dark yellow colonies were suspended in nutrient glucose broth. Aliquots of the same colony were grown in nutrient glucose broth at 3 temperatures. The change in proportion of the two types observed is given in been partially replaced by the pale yellow type. At 24 C both types grow well, and there is no definite trend for one type to replace the other. At 15 C, however, there is an. increase in the proportion of dark yellow types at the 72-and 96-hour sampling, although this trend may not be apparent in the initial stages of growth.. The nature of the instability observed in this stock is not known, but since it was impossible to obtain a dark yellow stock that remained pure for color, whereas a pure culture. of the pale, yellow type could be obtained, it is believed that this stock contained a mutable gene that became more labile as the temperature increased. These observations would indicate that the mutable dark yellow gene became highly mutable at 33 C as compared to temperatures of 24 C or lower. 24 hours' growth in nutrient broth at 24 C. There is considerable variation among these rates. Such variation is not unexpected if mutation is considered random in nature, particularly since the determination of each rate is based on a relatively small number of colonies.
To readily observe the change from a culture of one type of organism to a mutant type necessitates a mass change in that population. For example,-in the mutation studies of culture 441 an average of about 1,700 colonies would need to be examined before a mutant colony would be observed; yet after 441 is maintained as a stock culture for 3 months (3 mass transfers each followed by 48 hours' growth at room temperature and storage for 30 days in a refrigerator at 7 to 10 C), it is not unusual to observe more than 50 per cent of the colonies of a mutant type. Can mutation of the order observed for these stocks effect such a mass change in a bacterial population?
The time required for mutation to change one type to some determiMed proportion of mutant types can be calculated. If q = proportion of mutant type at time t, and u = mutation rate, then the shift in q due to mutation is The average rate of all mutation in the parental stock 400 is about 1.81 X 10-5 ( in respect to the second type would indicate selective growth, and the intensity of selection could then be measured. The mutants used in the preceding section were initially selected to be readily differentiated from the parent strain (400) by their colony morphology on agar. Each mutant was mixed with stock 400 and the proportion of each type followed by plating at desired intervals of time after growth in nutrient broth at 24 C. Data for these platings are given in table 5. No mutant tested grew better than did 400, the parent stock. Relative competitive ability of the various mutants is roughly indicated by the rate at which change in the two types occurs. When stock 400 was mixed with any of the variants tested in this experiment, replacement of the variant type by the parental 400 stock was generally rapid and in two cases complete. The average proportion of the parental type present in the initial inoculum was 47 per cent, and after 10 days' growth it had increased to 94.5 per cent. This change occurred in less t 180 cells generation. For RALPH E. LINCOILN mutation to effect this change at the rate u = 0.0001 would require 5,560 generations, as determined by the formula developed in the preceding section. Obviously individuals of strain 400 are reproducing more rapidly than those of the mutant stocks, thereby increasing the comparative frequency of the 400 genotype. Selection in a bacterial population may be considered equivalent to genic 8election, as discussed by Wright (1931) , if one assumes that bacteria are asexual organisms dividing by mitosis. As shown in table 5, selection pressure is low until the logarithmic phase of growth is over, then selection pressure increases very markedly. Also it is apparent that selection pressure against the different mutants varies. This is shown in other selection experiments summarized in table 6, in which growth in several environments is considered. Stocks adapted in one environment may be entirely unadapted in a second environment. This phenomenon is shown best by stock 520, which in these mixtures was unable to compete in any environment except 36 C. This temperature is near the maximum at which growth will occur.
DISCUSSION
The origin of variation and the interaction of the variant with the parental type are distinct and separate problems of bacterial variation so closely interrelated that it is difficult to separate one from the other. It is recognized that in this study the two problems have not been entirely separated, but the methods used have allowed little possibility for one to influence the other. A formula to determine the number of generations for mutation to effect a certain change in a population has been developed. It has been shown that mutation alone is so infrequent as to be ineffective in causing a rapid mass change in a population. 754 [VOL. 54 except when the proportion of one type is near zero or one. In the determination of the mutation rate by the method used selection may be ignored, since selection has been shown to be relatively ineffective in changing the frequency of a genotype until the logarithmic phase of growth has been exceeded. In determining each of these factors-mutation or selection-small corrections could be made for the factor not studied. However, to do so would necessarily complicate the formula developed and in these cases would not affect the conclusions drawn.
Mutation and selection have been shown to be two very important factors in the evolution of bacterial populations. Mutations occur during growth at rates of the order observed in higher organisms. Although the nature of bacterial inheritance is still uncertain, the heritable material or genes must be duplicated and divided before cell division takes place. When the parental genes are not exactly reproduced in two daughter cells, mutation occurs.
This study has shown approximately a 10-fold increase in mutation rate when two stocks of P. stewartii were grown at a temperature of 36 C as compared with When a culture is observed at intervals over a period of time, there may be a gradual transformation of one cultural character into another. The concept of a gradual change is one that is common in bacteriological literature but one that often is interpreted as a phenomena in which all or most of the individual cells making up the culture change together in a definite direction. In the work discussed above evidence has been presented to show that variation originates as mutation of normal cells, at a rate probably characteristic for each strain of bacteria in any specific environment, and selection of types better adapted to that environment may then take place. The gradual change in the characteristics of a culture then becomes one of changing the frequency of occurrence of the individual cells of each specific genotype, the aggregate of which makes up a culture.
There is much evidence to support the view that evolution in bacteria is controlled by forces similar to those known to affect evolution of thc higher organisms. In this paper evidence has been given that mutation and selection are important forces in changing bacterial populations, mutation being the source of genetic variation upon which selective forces may be effective. After variation is provided, evolution may proceed subject to selective forces. Under this view the static nature of a population implied by the term "pure culture" is misleading and highly problematic a few generations after a single cell is isolated. given mutant type to increase to a given proportion if the change in types were due to mutation alone. At the highest mutation rate observed in these stocks 250 generations are needed for mutation alone to effect a 1 per cent increase in a mutant type.
Selection as a force in changing frequency of occurrence of a given type in a bacterial population was studied with mixtures of two or more morphologically distinct stocks. By starting with known proportions of each type the change in the proportion of these types could be followed during growth by plating at the desired time intervals. Rapid shifts in the occurrence of types were observed indicating that selection may be a strong force in changing bacterial populations.
